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region by merging the fins on the crystalline insulator layer to

form a fin merging region.
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FINFET WITH CRYSTALLINE INSULATOR

FIELD OF THE INVENTION

[0001] The present invention relates generally to semicon-
ductor fabrication, and more particularly to a fin field effect
transistor (finFET) and method of fabrication.

BACKGROUND OF THE INVENTION

[0002] With the continuing trend towards miniaturization
of integrated circuits (ICs), there is a need for transistors to
have higher drive currents with increasingly smaller dimen-
sions. Fin field effect transistor (FinFET) technology is
becoming more prevalent as device size continues to shrink. It
is therefore desirable to have improved finFET devices and
methods of fabrication.

SUMMARY OF THE INVENTION

[0003] In one embodiment, a semiconductor structure is
provided. The semiconductor structure comprises a semicon-
ductor substrate, comprising a plurality of fins formed
thereon, a gate disposed on the plurality of fins, a crystalline
dielectric region disposed on the semiconductor substrate,
and an epitaxial semiconductor region disposed on the crys-
talline dielectric region.

[0004] In another embodiment, a method of forming a
semiconductor structure is provided. The method comprises
forming a plurality of fins in a semiconductor substrate, form-
ing a crystalline insulator layer on the semiconductor sub-
strate, forming a gate on the semiconductor substrate, and
forming an epitaxial semiconductor region on the crystalline
insulator layer, wherein the epitaxial semiconductor region is
in direct physical contact with the plurality of fins.

[0005] In another embodiment, a method of forming a
semiconductor structure is provided. The method comprises
forming a plurality of fins in a semiconductor substrate, form-
ing a crystalline insulator layer on the semiconductor sub-
strate, forming a gate on the semiconductor substrate, and
forming an epitaxial semiconductor region on the crystalline
insulator layer, wherein the epitaxial semiconductor region is
in direct physical contact with the plurality of fins, and
wherein the epitaxial semiconductor region is formed with a
faceted side facing the gate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The structure, operation, and advantages of the
present invention will become further apparent upon consid-
eration of the following description taken in conjunction with
the accompanying figures (FIGs.). The figures are intended to
be illustrative, not limiting.

[0007] Certain elements in some of the figures may be
omitted, or illustrated not-to-scale, for illustrative clarity. The
cross-sectional views may be in the form of “slices”, or “near-
sighted” cross-sectional views, omitting certain background
lines which would otherwise be visible in a “true” cross-
sectional view, for illustrative clarity.

[0008] Often, similar elements may be referred to by simi-
lar numbers in various figures (F1Gs) ofthe drawing, in which
case typically the last two significant digits may be the same,
the most significant digit being the number of the drawing
figure (FIG). Furthermore, for clarity, some reference num-
bers may be omitted in certain drawings.

[0009] FIG. 1 is a semiconductor structure at a starting
point for embodiments of the present invention.
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[0010] FIG. 2 is a semiconductor structure after a subse-
quent process step of forming a crystalline insulator.

[0011] FIG. 3 is a semiconductor structure after a subse-
quent process step of forming a gate.

[0012] FIG. 4 is a semiconductor structure during the pro-
cess step of forming an epitaxial semiconductor region.
[0013] FIG. 5 is a semiconductor structure after the process
step of forming an epitaxial semiconductor region.

[0014] FIG. 6 is a perspective view of the embodiment of
FIG. 5.

[0015] FIG. 7 is a side view of the embodiment of FIG. 6.
[0016] FIG. 8 is a side view of an alternative embodiment

including a faceted epitaxial semiconductor region.
[0017] FIG. 9 is a flowchart indicating process steps for
embodiments of the present invention.

DETAILED DESCRIPTION

[0018] In the fabrication of semiconductor devices, includ-
ing finFETs, product yield and device variability are of para-
mount concern. In many finFETs, multiple fins are “merged”
by having a semiconductor region contact a group of fins.
Prior art fin merging processes are difficult to control, leading
to non-uniformity of the epitaxial semiconductor region used
for merging. This non-uniformity leads to reduced product
yield and increased device variability. Other problems, such
as excessive leakage and punch-through may also occur.
[0019] Embodiments of the present invention utilize a crys-
talline insulator layer below the fin merging layer. The crys-
talline insulator layer serves as a template for fin merging
epitaxy which allows steady, even growth from the bottom up.
The result is a source/drain epitaxial semiconductor region
without voids and defects, serving to reduce parasitic capaci-
tances and punch-through. Furthermore, the height of the
epitaxial semiconductor region is easily controllable.

[0020] FIG.1 is a semiconductor structure 100 at a starting
point for embodiments of the present invention. A bulk semi-
conductor substrate 102 forms the base of semiconductor
structure 100. Substrate 102 may be made from any now
known or later developed semiconductor materials including
but not limited to, for example, silicon, germanium, silicon-
germanium alloy, silicon carbide, and compound (e.g. I1I-V
and I1-VI) semiconductor materials. Non-limiting examples
of compound semiconductor materials include gallium ars-
enide, indium arsenide, and indium phosphide. Typically sub-
strate 102 may be about, but is not limited to, several hundred
microns in thickness. For example, substrate 102 may include
a thickness ranging from about 0.5 millimeter (mm) to about
1.5 mm. In some embodiments, substrate 102 may consist
essentially of one or more Group I1I-V compound semicon-
ductors having a composition defined by the formula
Aly, Gay,Iny;Asy Py Ny Sby,, where X1, X2, X3,Y1,Y2,
Y3, and Y4 represent relative proportions, each greater than
orequalto zero and X1+X2+X3+Y1+Y2+Y3+Y4=1 (1 being
the total relative mole quantity). Substrate 102 may also be
comprised of Group II-VI compound semiconductors having
acomposition Zn 4, Cd ,,Sez, Teg,, where A1,A2, B1, and B2
are relative proportions each greater than or equal to zero and
Al+A2+B1+B2=1 (1 being a total mole quantity).

[0021] Usingindustry-standard techniques (such as recess-
ing), fins 108 A and 108B are formed in the bulk substrate 102.
A padnitride layer 112 may be disposed on top of the fins. The
pad nitride layer 112 may be blanket deposited on the sub-
strate 102 prior to formation of the fins. Substrate 102 has a
base surface 107. The fins (108 A and 108B) have a sidewall
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109. In embodiments, the sidewalls 109 have a crystalline
structure of (110). Other embodiments, using a substrate 102
with a different crystalline structure, may comprise substrates
having a crystalline structure of (110) with fin sidewalls 109
having a crystalline structure of (100).

[0022] FIG. 2 is a semiconductor structure 200 after a sub-
sequent process step of forming a crystalline insulator (di-
electric) 216 on the base surface (107 of FIG. 1) of substrate
202. As stated previously, similar elements may be referred to
by similar numbers in various figures (FI1Gs) of the drawing,
in which case typically the last two significant digits may be
the same. For example, bulk substrate 202 of FIG. 2 is similar
to bulk substrate 102 of FIG. 1. In embodiments ofthe present
invention, crystalline insulator 216 may have a (100) crystal-
line structure on its top surface 217. The crystalline insulator
216 may be an epitaxial oxide. In some embodiments, the
epitaxial oxide is of a rare-earth variety. In some embodi-
ments, crystalline insulator (dielectric layer) 216 (e.g., a crys-
talline oxide, back-gate dielectric layer, etc.) may be disposed
on substrate 202. Crystalline dielectric layer 216 may be
formed of an epitaxial oxide. In an embodiment, crystalline
dielectric layer 216 includes a rare earth oxide, such as cerium
oxide (CeQ,), lanthanum oxide (La,0;), yttrium oxide
(Y,0;), gadolinium oxide (Gd,0;), europium oxide
(Eu,05), or terbium oxide (Th,0;). In one embodiment, crys-
talline dielectric layer 216 includes combinations of rare
earth oxides (e.g., a material such as ABO,, where ‘A’ and ‘B’
may be any rare earth metal (e.g., lanthanum scandium oxide
(LaScO,)) and may be epitaxially grown on substrate 202. In
one embodiment, crystalline dielectric layer 216 may include
Perovskites (e.g. strontium titanate (SrTiO;) or barium titan-
ate (BaTiO,)). In yet another embodiment crystalline dielec-
tric layer 216 may include aluminum oxide Al,O; or alumi-
num oxide compounds (e.g., lanthanum aluminum LaAlO;)
which may be deposited by pulsed laser deposition (PLD). In
an embodiment, crystalline dielectric layer 216 may be
deposited on substrate 202 and may have a thickness ‘T of
about 2 nanometers to about 500 nanometers. In one embodi-
ment, crystalline dielectric layer 216 may have a thickness of
about 10 nanometers to about 150 nanometers. In another
embodiment, crystalline dielectric layer 216 may have a
thickness ‘T’ of about 20 nanometers to about 50 nanometers.
In other embodiments, crystalline insulator 216 may have a
(110) crystalline structure on its top surface 217, with fin
sidewalls having a crystalline structure of (100).

[0023] FIG. 3 is a semiconductor structure 300 after a sub-
sequent process step of forming a gate 320 which is disposed
on the fins 308A and 308B. The gate 320 may be oriented
orthogonally to the fins 308A and 308B. The gate may be
comprised of polysilicon, or may be a metal gate formed by a
replacement metal gate (RMG) process. A gate dielectric
layer (not shown) may also be present. The pad nitride layer
(112 of FIG. 1) may be removed after gate formation. The
gate also comprises a spacer disposed adjacent to it (shown in
FIGS. 7 and 8).

[0024] FIG. 4 is a semiconductor structure 400, as viewed
along line A-A' of FIG. 3, during the process step of forming
an epitaxial semiconductor region 424. Since insulator layer
416 is a crystalline insulator layer, epitaxial growth which is
mainly from the bottom-up (as indicated by arrow E) is pos-
sible, and results in a smooth top surface, without voids,
divots, or other defects. In some embodiments, the epitaxial
growth process may be tuned to have growth on both the
sidewalls of the fins (208A, 208B) and the bottom. In other
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embodiments, the growth may be mainly on the sidewalls of
the fins. In embodiments where the epitaxial growth is pri-
marily bottom-up, then the crystalline structure of the insu-
lator layer 416 is similar to that of the top surface of substrate
402. In some embodiments, epitaxial semiconductor region
424 comprises epitaxial silicon. In other embodiments, epi-
taxial semiconductor region 424 comprises epitaxial silicon
and germanium with boron doping (SiGe:B), or epitaxial
silicon with carbon and phosphorous doping (Si:CP). The
boron or phosphorous dopants may be added in-situ, during
the epitaxial growth process. Carbon may be used as a stress
inducer. In some embodiments, the carbon content may range
form about 0.4% (2e20 atoms per cubic centimeter) to about
4% (2e21 atoms per cubic centimeter).

[0025] In some embodiments where SiGe is used, the ger-
manium concentration ranges from about 10 percent to about
80 percent. In some embodiments, epitaxial semiconductor
region 424 may be undoped. In other embodiments, epitaxial
semiconductor region 424 may be doped. In some embodi-
ments, the dopant concentration (e.g. for boron, phosphorous,
or arsenic) of epitaxial semiconductor region 424 may range
from about SE19 atoms per cubic centimeter to about 1.5E21
atoms per cubic centimeter. In some embodiments, the dopant
concentration of epitaxial semiconductor region 424 may
range from about 2E20 atoms per cubic centimeter to about
1E21 atoms per cubic centimeter. In other embodiments, the
dopant concentration of epitaxial semiconductor region 424
may range from about 4E20 atoms per cubic centimeter to
about 7E20 atoms per cubic centimeter. The dopants may be
introduced via in-situ doping.

[0026] Regarding epitaxial semiconductor region 424,
besides silicon, other semiconductor materials such as ger-
manium, silicon germanium, GeSn, 1II-V compound semi-
conductor, and/or I11-VI compound semiconductor materials
may also be included in epitaxial semiconductor region 424.
In an embodiment, epitaxial semiconductor region 424 may
be doped or un-doped and may include: silicon, germanium,
silicon-germanium alloy, and/or carbon doped silicon (Si:C).
In one embodiment, epitaxial (crystalline) semiconductor
region 424 may include carbon doped silicon with an atomic
carbon concentration of between about 0.2% to about 4.0%
substitutional carbon. In one embodiment, epitaxial semicon-
ductor region 424 may include a carbon doped silicon type
material having a concentration of about 0.3% to about 2.5%
substitutional carbon. It is understood that the total amount of
carbon in epitaxial semiconductor region 424 may be higher
than the substitutional amount. In a preferred exemplary
embodiment, epitaxial semiconductor region 424 may
include silicon, germanium, silicon germanium, carbon
doped silicon, a silicon-germanium alloy, and compound
(e.g. II-V and II-VI) semiconductor materials etc. In an
embodiment, carbon doped silicon may include a concentra-
tion of substitutional carbon (C) of about 0.4 to about 2.5%
Si:C.

[0027] FIG. 5 is a semiconductor structure 500 after the
process step of forming an epitaxial semiconductor region.
The epitaxial semiconductor region 524 is grown to a level
such that it is above the tops of the fins 508A and 508B, and
serves to merge fins 508A and 508B together. The epitaxial
semiconductor region 524 may be recessed or etched back to
achieve a desired height.

[0028] FIG. 6 is a semiconductor structure 600 shown in
perspective view, which is similar to the embodiment of F1G.
5.
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[0029] FIG. 7 is a semiconductor structure 700 which is
similar to the embodiment of FIG. 6. FIG. 7 is shown in a side
view along line B-B' of FIG. 6. As can be seen in this view, the
epitaxial semiconductor region 724 is in contact with gate
spacer 726, which is disposed between epitaxial semiconduc-
tor region 724 and gate 720. Gate spacer 726 may be com-
prised of nitride, and formed via a technique such as deposi-
tion of a conformal nitride layer, followed by removal of
unneeded portions of the conformal nitride layer. The epi-
taxial semiconductor region 724 is then formed after forma-
tion of the gate spacer 726. Gate spacer 726 prevents direct
physical contact between epitaxial semiconductor region 724
and gate 720, which serves to reduce leakage and parasitic
capacitance.

[0030] FIG. 8 is a semiconductor structure 800 shown in a
side view of an alternative embodiment including a faceted
epitaxial semiconductor region 828. By controlling the epit-
axy process conditions, faceted surface 830, which faces the
gate 820, may be grown faceted (with an oblique angle) such
that it grows away from gate 820 and reduces contact between
semiconductor region 828 and gate 820. This growth may be
achieved by using selective epitaxy in the highly selective
regime. The overabundance of etchant gas under highly selec-
tive conditions leads to facetted epitaxial growth along the
spacer.

[0031] FIG.9isaflowchart 900 indicating process steps for
embodiments of the present invention. In process step 950,
fins are formed on the semiconductor substrate (see 108 A and
108B of FIG. 1). In process step 952, a crystalline insulator
layer is formed on the semiconductor substrate (see 216 of
FIG. 2). The crystalline insulator layer may be an epitaxially
grown rare earth oxide having a top surface with a (100)
crystalline structure. In process step 954 a gate is formed (see
320 of FIG. 3). In process step 956, epitaxial semiconductor
regions are formed to merge the fins (see 524 of FIG. 5). In
some embodiments, the epitaxial semiconductor regions are
comprised of silicon, silicon Germanium alloy (SiGe), doped
orundoped carbon doped silicon (Si:C or Si:CP, Si: As), phos-
phorus(arsenic) doped Si:P/As.

[0032] Embodiments of the present invention provide for
methods and structures for forming a finFET. Fins are formed
on a bulk substrate. A crystalline insulator layer is formed on
the bulk substrate with the fins sticking out of the epitaxial
oxide layer. A gate is formed around the fins protruding from
the crystalline insulator layer. An epitaxially grown semicon-
ductor region is formed in the source drain region by merging
the fins on the crystalline insulator layer to form a fin merging
region. The fin merging region has reduced defects and vari-
ability compared to that of the prior art, such as, for example,
minimizing parasitic capacitances and punch-through.
[0033] Although the invention has been shown and
described with respect to a certain preferred embodiment or
embodiments, certain equivalent alterations and modifica-
tions will occur to others skilled in the art upon the reading
and understanding ofthis specification and the annexed draw-
ings. In particular regard to the various functions performed
by the above described components (assemblies, devices,
circuits, etc.) the terms (including a reference to a “means™)
used to describe such components are intended to correspond,
unless otherwise indicated, to any component which per-
forms the specified function of the described component (i.e.,
that is functionally equivalent), even though not structurally
equivalent to the disclosed structure which performs the func-
tion in the herein illustrated exemplary embodiments of the
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invention. In addition, while a particular feature of the inven-
tion may have been disclosed with respect to only one of
several embodiments, such feature may be combined with
one or more features of the other embodiments as may be
desired and advantageous for any given or particular applica-
tion.

What is claimed is:

1. A semiconductor structure comprising:

a semiconductor substrate, comprising a plurality of fins

formed thereon;

a gate disposed on the plurality of fins;

a crystalline dielectric region disposed on the semiconduc-

tor substrate; and

an epitaxial semiconductor region disposed on the crystal-

line dielectric region.

2. The semiconductor structure of claim 1, wherein the
crystalline dielectric region comprises an epitaxial oxide.

3. The semiconductor structure of claim 2, wherein the
crystalline dielectric region comprises a rare earth oxide.

4. The semiconductor structure of claim 3, wherein the rare
earth oxide is selected from the group consisting of:

cerium oxide, lanthanum oxide, yttrium oxide, gadolinium

oxide, europium oxide, and terbium oxide.

5. The semiconductor structure of claim 1, wherein the
epitaxial semiconductor region comprises a faceted surface
which faces the gate.

6. The semiconductor structure of claim 1, wherein the
epitaxial semiconductor region comprises carbon doped sili-
con with an atomic carbon concentration of between about
0.2% to about 4.0% substitutional carbon.

7. The semiconductor structure of claim 1, wherein the
epitaxial semiconductor region comprises a material selected
from the group consisting of: n-doped silicon, p-doped sili-
con, and un-doped silicon.

8. The semiconductor structure of claim 1, wherein the
epitaxial semiconductor region comprises silicon germa-
nium, wherein the germanium concentration ranges from
about 10 percent to about 80 percent.

9. The semiconductor structure of claim 3, wherein the rare
earth oxide comprises a top surface with a (100) crystalline
structure, and wherein each fin of the plurality of fins com-
prises a (110) sidewall crystalline structure.

10. The semiconductor structure of claim 3, wherein the
rare earth oxide comprises a top surface with a (110) crystal-
line structure, and wherein each fin of the plurality of fins
comprises a (100) sidewall crystalline structure.

11. A method of forming a semiconductor structure, com-
prising:

forming a plurality of fins in a semiconductor substrate;

forming a crystalline insulator layer on the semiconductor

substrate;

forming a gate on the semiconductor substrate; and

forming an epitaxial semiconductor region on the crystal-

line insulator layer, wherein the epitaxial semiconductor
region is in direct physical contact with the plurality of
fins.

12. The method of claim 11, wherein forming a crystalline
insulator layer on the semiconductor substrate comprises
forming a rare earth oxide.

13. The method of claim 11, wherein forming an epitaxial
semiconductor region on the crystalline insulator layer com-
prises forming epitaxial silicon and germanium with boron
dopants.
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14. The method of claim 11, wherein forming an epitaxial
semiconductor region on the crystalline insulator layer com-
prises forming epitaxial silicon with carbon, and phospho-
rous dopants.

15. The method of claim 11, wherein forming an epitaxial
semiconductor region on the crystalline insulator layer fur-
ther comprises in-situ doping the epitaxial semiconductor
region to a dopant concentration ranging from about SE19
atoms per cubic centimeter to about 1.5E21 atoms per cubic
centimeter.

16. The method of claim 11, wherein forming an epitaxial
semiconductor region on the crystalline insulator layer com-
prises forming a carbon doped silicon type material having a
concentration of about 0.3% to about 2.5% substitutional
carbon.

17. A method of forming a semiconductor structure, com-
prising:
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forming a plurality of fins in a semiconductor substrate;

forming a crystalline insulator layer on the semiconductor

substrate;

forming a gate on the semiconductor substrate; and

forming an epitaxial semiconductor region on the crystal-

line insulator layer, wherein the epitaxial semiconductor
region is in direct physical contact with the plurality of
fins, and wherein the epitaxial semiconductor region is
formed with a faceted side facing the gate.

18. The method of claim 17, wherein forming an epitaxial
insulator layer on the semiconductor substrate comprises
forming a rare earth oxide.

19. The method of claim 18, wherein forming a rare earth
oxide comprises forming gadolinium oxide (Gd,O;).

20. The method of claim 18, wherein forming a rare earth
oxide comprises forming cerium oxide (CeO,).
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